ABSTRACT
Introduction
In tissues with high and sudden energy demand, creatine kinase (CK)-and adenylate kinase (AK)-catalyzed reactions form the principal pathways securing efficient communication between the subcellular compartments responsible for production and utilization of metabolic energy (1) (2) (3) (4) (5) (6) .
Adenylate kinases (AK, EC 2.7.4.3), an evolutionary conserved family of enzymes which catalyzes the reaction ATP + AMP ↔ 2 ADP (7), have been implicated in cellular adenine nucleotide homeostasis (8). cDNAs for five isoforms of AK (AK1-AK5) along with the splice variant of AK1 (AK1β, a membrane-bound variant with a presumed role in cell cycle regulation) have been cloned from metabolically active tissues (9) (10) (11) (12) . Mammalian skeletal muscle is particularly rich in AK1, the major isoform of the family (9) , present in the sarcoplasm, and clustered along the myofibrillar I-band or bound as AK1β to membranes (13) (14) (15) . By donating the energy of the β-phosphoryl group of ATP/ADP to the cellular energetic pool, AK isoenzymes protect cells against energy deprivation in periods of high metabolic demand (6, (16) (17) (18) (19) (20) . The different intracellular localizations and distinct kinetic properties of AK isoforms permit the formation of a coordinated enzymatic network for nucleotide-mediated metabolic signaling, coupling myofibrillar, nuclear or sarcolemmal energydependent processes with mitochondrial energetics (21) (22) (23) .
Creatine kinases (CK, EC 2.7.3.2), catalyzing the reaction MgADP -+ CrP 2-+ H + 4 inner and outer membrane (28) (29) (30) , providing an efficient ATP export and metabolic signal-reception pathway (31) .
AK and CK in concert with nucleoside diphosphokinase (NDPK) and the enzymes that function in the glycolytic phosphotransfer pathway, form the cellular energetic infrastructure responsible for effective handling and distribution of high-energy phosphoryl (~P) groups throughout the structured muscle environment (5, 6, 24, (32) (33) (34) . In this network, AK-and CK-mediated reactions play a complementary and functionally alternate role (18, 27, 35, 36) . By pharmacological inhibition of the CK-circuit it has been demonstrated that an increase in AK-mediated phosphotransfer may compensate for loss of CK-activity (17) . Likewise, in skeletal muscles carrying a null mutation in either the M-CK or AK1 gene, leading to complete lack of corresponding protein expression and activity, an adaptive rewiring of flux through the remaining intact phosphotransfer circuit occurs (6, 18, 19) . In addition, M-CK and AK1 mutant muscles respond with similar but not identical ultrastructural and molecular adaptations, suggesting an inherent plasticity of the bioenergetic network (6, 24, (37) (38) (39) .
While progress has been made in our understanding of individual phosphotransfer reactions, the consequences of combined deletion of major AK and CK isoforms remain unknown. Here, we report on the effects deleting both the AK1 and M-CK proteins in a single cell-type, skeletal muscle fiber of a double-knockout mouse. Use of this model provides us with a unique opportunity to assess the significance of the activities of mitochondrial CK, glycolytic enzymes and NDPK-mediated phosphotransfer reactions in muscle physiology and metabolism. Monitoring intracellular phosphotransfer kinetics by 18 O-phosphoryl labeling revealed that lack of AK1 and M-CK resulted in a serious impairment of communication between ATP-generating and ATP-consuming cellular sites.
As a consequence, AK1/M-CK-deficient muscles had a reduced ability to sustain the dynamic fluctuations in ATP/ADP/AMP nucleotide metabolism and overall cellular ATP turnover during functional load, despite increased high-energy phosphoryl flux through alternative glycolytic and guanylate phosphotransfer pathways. These data provide further evidence for the existence of a fully integrated high-energy phosphoryl transfer system with a high degree of functional plasticity required for optimal muscle energetics. 
Materials and Methods

Generation of M-CK/AK1 deficient mice
Gene-targeted AK1 deficient mice were derived from mouse embryonic stem cells carrying a replacement mutation in the AK1 gene. Creatine kinase knockout mice were derived from embryonic stem cells carrying a replacement mutation in the M-CK gene. Cohorts of AK1-/-and M-CK-/-animals were generated and maintained as previously described (24, 39) . AK1 and M-CK knockout mice were crossbred to obtain animals that were heterozygous for both AK1 and M-CK alleles, and these animals were subsequently mated to obtain homozygous double mutants. Genotyping for wildtype and mutant AK1 and M-CK alleles was performed using a PCR assay as described previously (6, 40 O-water (Isotec Inc.), and paced at 2 Hz exactly as described (6) . After 3 min of 6 phosphate, creatine phosphate (CrP) and glucose-6-phosphate (G-6-P) were purified and quantified using high-performance liquid chromatography (17, 41) . To obtain information on basal levels and turnover rates of phosphoryl-containing metabolites, isolated mouse GPS muscle was treated identically, but without pacing. Samples containing phosphoryls of γ-ATP, β-ATP, β-ADP, γ-GTP, β-GTP, β-GDP, inorganic phosphate and CrP, as glycerol 3-phosphate, were converted to trimethylsilyl derivatives.
18
O-enrichment of phosphoryls in glycerol 3-phosphates was determined with a HewlettPackard 5980B gas chromatograph-mass spectrometer (6).
High-energy phosphoryl transfer rates
Total cellular ATP turnover was estimated from the total number of 18 O atoms that appeared in phosphoryls of P i , CrP, γ-ATP, β-ATP, β-ADP, γ-GTP, β-GTP/GDP and G-6-P. Net AK-, CK-, and hexokinase-catalyzed phosphotransfers were determined from the rate of appearance of 18 O-containing phosphoryls in β-ATP and ADP, CrP and G-6-P, respectively (6, 17, 41, 42) .
Metabolite levels
ATP, ADP, GTP, and GDP levels were quantified in muscle perchloric extracts by use of HPLC (21, 41) . AMP, ADP, CrP, muscle lactate and glucose-6-phosphate levels were determined using coupled enzyme assays (21, 24) . Muscle inorganic phosphate level was determined using the EnzChek Phosphate Assay kit (Molecular Probes).
Zymogram analysis and enzyme activity
Homogenates from freshly excised GPS muscles (10% W/V) were prepared in SETH buffer (in mM:
7 activity (6, 43) . CK and AK activities were measured from whole hindlimb muscle extracts (6) using a CK NAC activated kit (Boehringer Mannheim) and a coupled enzyme system, respectively (21) .
Western blot analysis
Skeletal muscles were excised, pulverized with a mortar and pestle using liquid N 2 and extracted in a buffer containing 50 mM NaCl, 60 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.2% Triton X-100, to which a complete protease inhibitor cocktail (Boehringer Mannheim) was added. Extracts were centrifuged (10 min, 8000 g, 4°C) and proteins separated on 10% SDS-polyacrylamide gels, before being electrophoretically transferred onto nitrocellulose membranes. M-CK and AK1 proteins were detected using antibodies raised against chicken M-CK (44) and mouse AK1-GST fusion proteins (15) . Aldolase antibody (Rockland, Gilbertsville, PA) was used as a control. Immunocomplexes were visualized by chemiluminescence using a secondary antibody coupled to horse raddish peroxidase and exposure to Kodak X-omat AR films.
Actomyosin contraction
Actomyosin contraction was measured using an established superprecipitation method (45, 46) . 
Statistics
Data are presented as mean ± SEM. Student's t test for unpaired samples was used for statistical analysis, and P<0.05 considered significant.
Results
Generation of M-CK/AK1 double gene knockout mice
To generate a mouse model lacking cytosolic AK1 and M-CK isoforms single-mutant animals carrying a homozygous null mutation in the AK1 gene (6) ·mg protein -1 (n = 3) due to the presence of ScCKmit, which is at 8% of total CK activity in wild-type controls. AK-catalyzed phosphotransfer activity, assessed by 18 O incorporation in the β-phosphoryl group of ATP, was 1.8 ± 0.2% in non-contracting wild-type muscle and increased to 6.3 ± 0.5% in contracting muscle ( Figure 2B ). However, AKcatalyzed β-phosphoryl labeling was dramatically reduced in MAK =/= muscles when compared to wild-type (by 68% and 85% in resting and contractile state, respectively), with values of 0.6 ± 0.06% in non-contracting muscle and 0.9 ± 0.1% in 2 Hz paced muscle (p<0.05, n = 6; Figure 2B ). These results indicate that both CK-and AK-mediated phosphoryl exchange rates increase with metabolic demand, but absolute and relative capacities for up-regulation are severely impaired when M-CK and AK1 are both lacking.
Moreover, a prominent difference in total ATP levels was seen in non-contracting muscles, ).
Upon functional load, however, the level of P i increased by 20% in MAK =/= , but was still significantly lower compared with the 44% increase of P i in wild-type muscle (46.8 ± 2.2 vs. 56.7 ± 2.7 nmol P i ·mg protein -1 in MAK =/= vs. wild-type, p<0.05, n = 6; Figure 2D ). Accordingly, the CrP/P i ratio, an index of the cellular energetic status, was significantly higher in the contracting MAK =/= muscle (1.0 ± 0.1 vs. 0.6 ± 0.1; p<0.05, n = 6) compared with wild-type controls (n = 6). In non-contracting muscle this ratio was maintained at similar levels 1.6 ± 0.1 versus 1.5 ± 0.1 in wild-type and MAK =/= , respectively (p>0.05, n = 6). These results indicate that, in the absence of M-CK and AK1, the dynamics of CK (i.e. mitochondrial CK-driven) catalysis and P i utilizing and/or producing reactions are sufficient to maintain cellular metabolite levels at rest, but become inadequate with increased metabolic demand. 
Loss of AK-and CK-supported contraction in MAK
Glycolytic and guanylate metabolism in MAK =/= muscle
Studies in AK1 or M-CK single-mutant mice and cell model systems suggest a compensatory interchange between the AK/CK circuits and the glycolytic machinery for energy production (4,6,16,33,39,48). We determined here that 18 O metabolic labeling of glucose-6-phosphate (G-6-P) by hexokinase, the initial step in the glycolytic cascade, was significantly increased from 8.1 ± 0.9% (n = 6) in the wild-type to 18.9 ± 0.9% (n = 6) in MAK =/= muscle (p<0.05), at a labeling rate of 1.0 ± 0.1 and 3.6 ± 0.5 nmol·min -1 ·mg protein -1 (p<0.05, n = 6; Figure 4A ), respectively. In line with this finding, the total G-6-P content in MAK =/= muscle contracting at 2 Hz was higher than in wild-type (12.9 ± 1.3 vs. 5.9 ± 0.3 nmol G-6-P·mg protein -1 , respectively, p<0.05, n = 6). These results implicate elevated glycolytic phosphotransfer activity that could compensate for lack of metabolic flux through the AK1-and M-CK-mediated reactions. Lactate levels, however, remained unchanged in the contracting MAK =/= muscle (50 ± 2 vs. 47 ± 2 nmol lactate·mg protein -1 in mutant vs. wild-type muscles; n = 6), suggesting a coordinated elevation of pyruvate oxidation, i.e. mitochondrial Krebs cycle activity in conjunction with accelerated aerobic glycolysis.
Remodeling of intracellular high-energy phosphoryl fluxes through guanylate phosphotransfer circuits may provide additional compensation for deficits in the cellular phosphotransfer network (6, 18) . Guanine and adenine nucleotide metabolism is intertwined through nucleoside diphosphate kinase (NDPK), guanylate kinase (GK), and succinate thiokinase catalysed reactions (42, (49) (50) (51) .
Notably, the percentage of γ-GTP 
Phosphotransfer dynamics in MAK =/= muscle
Metabolic demand and/or stress may cause redistribution of fluxes through phosphotransfer pathways (6, 16, 18, 19, 42, 54, 55) . Therefore, we measured the relative contribution of AK-and CK-and alternative phosphotransfer reactions to total cellular phosphotransfer under resting and working conditions. Absence of both AK1 and MM-CK did not affect total ATP turnover in wild-type or MAK =/= resting muscle, which were 11.4 ± 0.2 vs. 11.5 ± 0.5 nmol ATP·min This could be accounted for by the remaining phosphotransfer systems, such as the glyceraldehyde 3-phosphate dehydrogenase/phosphoglycerate kinase enzyme couple (19, 33, 39, 56) , pyruvate kinase (39) or by diffusional type of ATP replenishment due to cytoarchitectural rearrangements (57) . The interaction between AK-CK-and glycolytic phosphotransfer systems is critical for energy supply and local ATP regeneration in different cell types (4, 6, 16, 33, 39, 48, 53) . In muscles deficient in both AK1 and M-CK, glycolysis is likely the only remaining major cytosolic phosphotransfer circuit. Glycolytic metabolism could safeguard maintenance of appropriate ATP/ADP ratios in the myosin ATPase microenvironment, required for efficient contractile cycles (58, 59) . 
